Abstract. Various soil extraction methods were developed for the determination of total and/or plant-available concentrations of potentially toxic elements. In this experiment, four single extraction procedures (aqua regia, HNO 3 , acetic acid, DTPA) were tested for the determination of extractable contents of As, Cd and Zn. 35 soils differing in their physicochemical properties and in total element contents were used in this experiment. Extractability of elements from soil samples varied following the individual elements and/or extraction agents used. The strong acids were not able to release the elements tightly bound into the silicate sample matrix. However, such techniques remain utilizable for the approximate determination of "pseudototal" element contents in soil, especially if soil samples are affected by anthropogenic contamination. The concentrations of As, Cd, and Zn determined in soil extracts by both mineral and organic acids covered in most cases the element portion representing more than one soil element fraction determined using SM&T sequential extraction procedure. Solutions of acetic acid and DTPA were able to release a part of the element fraction bound in Fe/Mn oxides and organic matter of soil sample. Arsenic represents an exception because it is not released by DTPA.
Introduction
Potentially mobilizable element content of soil represents its portion which is tightly bound on the individual soil components (except the portion of elements incorporated into the silicate matrix of the soil), unavailable immediately for plants. Only the substantial changes in physicochemical properties of soil can lead to their higher mobility. For their extraction, strong acids are usually applied [1] . On the other hand, the soil extraction procedures using organic acids can partially release the elements bound in soil on surface of oxides and in organic matter [2] [3] [4] .
The methods of sequential extraction of soils were developed in order to define more precisely the single fractions of elements in a soil. Sequential extraction usually necessitates from three to seven steps. Consequently, it is time consuming and requires skilled personal and an adequate analytical instrumentation. Nevertheless it gives the most precise information about fractionation and transformation of elements in a soil.
A large number of different methodological approaches arisen in last years because many analytical laboratories developed their own analytical methods defining individual fractions of given elements [5] [6] [7] . The basic method was developed by Tessier et al. [8] , who performed fractionation of metals in samples of sediments into 5 fractions: (1) exchangeable fraction representing the most easily available metals, (2) carbonate fraction, (3) Fe, Mn and Al oxides fraction, (4) organic matter fraction and (5) residual fraction, tightly bound on silicate matrix of samples.
The unification of methods for a simple and sequential extraction in European Community (EC) and later also the preparation of certified reference soil materials is one of the aims of Standards, Measurement and Testing (SM&T) department of the EC [9] .
The ability of soil extracting agents to release the plantavailable portion of elements was summarized in a previous paper [10] . In this work, the soil element fractions soluble in individual acid extractants are evaluated.
Experimental Samples
A set of 35 soil samples with different physicochemical properties covering the area of the Czech Republic was investigated. Some of the samples were also taken from the same location in different periods. The main characteristics of these soils are summarized in table I. Certified reference material RM 7003 Silty Clay Loam (Analytika, CZ) was used for quality assurance of analytical data. For the element portion extractable from this RM by a cold 2 mol.l -1 HNO 3 , the certified values are 1.30 ± 0.19 mg As.kg -1 , 0.23 ± 0.03 mg Cd.kg -1 and 24.4 ± 2.5 mg Zn.kg -1 .
Extractions
The extraction methods used are characterized as follows:
A. Extraction by aqua regia: 3 g of the sample were weighed into a 250 ml reaction vessel, moisturized by a small amount of deionized water and mixed with 21 ml of concentrated HCl and 7 ml of concentrated HNO 3 . After a 16 h stay at 20°C the samples were heated for 2 h under reflux. After cooling down of the reaction mixture the reflux was rinsed by diluted HNO 3 , the sample filtered to 100 ml volumetric flask, filled up the mark by diluted HNO 3 and kept until measurement [11] .
B. The next applied extraction procedures, described in details in a previous paper [12] , may be summarized as follows: Sequential analytical procedure: the soil samples were extracted according to the SM&T EUR 14763 EN extraction scheme [5] , modified by including a water soil extraction as the first step. The extraction scheme was then as follows: 0.5 g soil sample was weighed into centrifugation tubes and sequentially extracted by the following agents:
1. water soluble fraction by deionized water in ratio 1 : 10 (w/v); 5. residual fraction calculated as the difference between total element concentration in the soil and the sum of the four described fractions.
The reaction mixture was centrifuged at 3000 rpm (i.e. 460xg) for 10 minutes at the end of each step and supernatants were kept at 6°C before measurement. Blank extracts representing 5 % of total number of extracts were prepared using the same batch of reagents and the same apparatus and analyzed in the same time and in the same way as soil extracts.
Total element concentrations in soils were determined separately in digests obtained by two-step decomposition as follows: 0.5 of sample was decomposed by dry ashing in a mixture of oxidizing gases (O 2 + O 3 + NO x ) in an Apion Dry Mode Mineralizer (Tessek, CZ) at 400°C for 10 h; the ash was then decomposed in a mixture of HNO 3 + HF, evaporated to dryness at 160°C and dissolved in diluted aqua regia.
Instrumentation and reagents
For the centrifugation of the extracts, the Hettich Universal 30 RF (Germany) device was used. The element concentrations in soil extracts were determined by atomic absorption spectrometry as follows.
Arsenic was determined by a continual hydride generation technique using a Varian SpectrAA-300 (Australia) atomic absorption spectrometer equipped by hydride generator VGA-76. A mixture of potassium iodide and ascorbic acid was used for pre-reduction of the sample and the extract was acidified by HCl before measurement.
For cadmium determination a Varian SpectrAA-400 (Australia) atomic absorption spectrometer with GTA-96 graphite tube atomizer was applied. The pyrolytically coated tube with L'vov platform and matrix modifier based on NH 4 H 2 PO 4 solution were used for all the measurements.
For the determination of zinc, the flame atomization (airacetylene flame) was applied (Varian SpectrAA-300 atomic absorption spectrometer). In this case, as well as in the case of cadmium determination, the extracts were acidified by HNO 3 before measurement. Analytical results for the three elements are based on standard addition measurement mode in all the cases.
All reagents used were of electronic grade purity (Analytika, Ltd., Czech Republic). 
Results and discussion
In table II, the relative values of extractable concentrations of elements are compared to the total element content in soils. As expected, the aqua regia was the most efficient extractant and the median recoveries varied in the range of 81-87 % regardless of the element determined. Many authors [13] [14] [15] suggested that results of this extracting procedure are similar to them obtained by a total decomposition of the silicate matrix by hydrofluoric acid. In our experiments we encountered some soil samples releasing significantly lower portion of the element (e.g. for one of them 37 % only of the total As). Various recommendations leading to increasing efficiency of aqua regia extraction procedure such as the addition of H 2 O 2 into the reaction mixture [16] or the use of microwave heating instead of the conventional one [17] . However, the application of an HF-step within the decomposition procedure remains necessary to ensure the total decomposition of the silicate matrix of the sample. The data for element concentrations obtained by the aqua regia extraction can be useful for an approximate knowledge of the total element content in soil. This is especially true if soil samples are affected by anthropogenic contamination where potentially toxic elements have to be evaluated. In such soils we can expect an easier extractability of the contaminant compared to the element bound into the silicate matrix.
The significant differences in extractability of individual elements were obtained in the case of 2 mol.l -1 HNO 3. For cadmium, no significant difference is observed comparing the aqua regia and nitric acid soluble portions. However, in the case of zinc and arsenic, nitric acid dissolved only 42 and 23 % of the total element content, respectively. Certified reference material RM 7003 Silty Clay Loam was used for quality assurance of the analytical data. For the element portion extractable by cold 2 mol.l -1 solution of HNO 3 , certified values were 1.30 ± 0.19 mg As.kg -1 , 0.23 ± 0.03 mg Cd.kg -1 and 24.4 ± 2.5 mg Zn.kg -1 and obtained values 1.18 ± 0.07 mg As.kg -1 , 0.21 ± 0.03 mg Cd.kg -1 and 26.3 ± 2.5 mg Zn.kg -1 , respectively.
Compared to aqua regia extractable fraction, the variation of the data obtained by the nitric acid extraction procedure was higher among the experimental soils. Evidently, the evaluation of total soil element content based on nitric acid soluble element concentrations [7] is very dangerous and may be acceptable only for the most mobile elements such as cadmium. The increased concentration of the nitric acid up to 4 mol.l -1 followed by a heating of the reaction mixture up to 80°C can lead to increased efficiency of zinc extraction up to 80 % [18] . However, for quantitative releasing of the elements from the solid phase of soil to the solution these modifications of the extraction method remain insufficient. Because the method is easy, reproducible, and relatively fast [1, 19] and if the differences among the leachability of individual elements are accepted, the 2 mol.l -1 HNO 3 extraction may be successfully applied for an approximate evaluation of the soil contamination by potentially toxic elements Diluted acetic acid is characterized as an extractant releasing exchangeable, water and acid soluble (e. g. specifically adsorbed on soil oxides) element fractions [2] . In our case this fraction represents 44 % of the total Cd and 7 % of Zn (comparably with previous results [20] ), and 4.6 % of As, respectively. The greater variation of values for extractable As and Zn compared to strong acid procedures suggest that the element extractability by this agent is more related to the complex of physicochemical properties of soils. A similar conclusion may be postulated for the case of Cd and Zn extracted by DTPA, creating tight complexes with metal cations bound in surface layer of oxides of Mn and Fe [3] or by organic bounds [4] . The relative DTPA extractable recoveries of Cd and Zn were about 25 % lower than with using acetic acid but the distribution of data was comparable. The agreement between the present results and those of our previous study [20] was fairly good. The extractability of arsenic did not exceed 1 % of total content. Arsenic is present in soil mostly in anions and the extractant developed for release of cationic forms of elements is not useful in this case.
The detailed evaluation of the As, Cd and Zn distribution into individual soil fractions according to the modified SM&T EUR 14763 EN [5] sequential extraction scheme was published previously [21] . In this paper we compared the efficiency of single extraction procedures with element portions present in water soluble, exchangeable, bound on oxides, organically bound, and residual fractions. The bars in figure 1 represent the medians of relative element contents released by individual extraction agents regarding to the medians of relative element contents in soil fractions except the residual one. To fulfill the comparison, the previously
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Original articles evaluated [10] element contents extractable by mild soil extractants, i.e. salt solutions and water, are also indicated.
Evidently, aqua regia is the only agent releasing the most significant portion of residual element fraction, i.e. the portion bound in the silicate matrix of the soil sample. Approximately, nitric acid is able to dissolve the element portion comparable to the sum of labile soil element fractions. The regression analysis indicated an increasing extractability of soil elements by nitric acid if the residual element fraction decreases, as well (r As = 0.3, r Cd = 0.4, r Zn = 0.6). Acetic acid can partially release the element portion bound on oxides accordingly to literature sources [2] and recoveries exceeded the sum of water soluble and exchangeable fraction for all the three elements. Apparently, this agent was not able to dissolve quantitatively the element fraction bound on oxides. In this case, the detailed resolution of individual types of soil oxides of Mn and Fe within the sequential extraction scheme can be helpful as described in literature [22] . Also DTPA has shown to be the extractant which attacks both oxide and organic fractions of Cd, as mentioned above, while Zn concentrations in DTPA extracts did not exceed the sum of water soluble and exchangeable fraction.
The sequential analytical procedure applied in this experiment is a compromise performed to unify and considerably simplify methods used within the European Union. For this reason, the obtained information concerning the element fractionation by this method is limited and insufficient for a detailed study of behavior of element bounds in soil. This is evident especially for the fraction called as "exchangeable" which includes also the element fraction bound on carbonates. As may be shown in figure 1 , the extractants based on salt solutions and/or water were able to release only small portion of elements leachable within the "exchangeable" fraction. No relationships were found by regression analysis between Cd and Zn contents extractable by neutral salt solutions and the exchangeable fraction of these elements. The leachability of Cd and Zn by the neutral salt solutions is predominantly affected by the soil reaction. If a 0.11 mol.l -1 solution of acetic acid is applied for the extraction of their "exchangeable" fraction, the differences in soil pH are hidden by high acidity of the extracting agent. For arsenic, the significant correlation was found for the single mild extractants as related to As present in the individual fractions (r = 0.51 -0.55). The extractability of arsenic is probably affected by the complex of physicochemical soil properties by the similar way if the single soil extraction procedures [10] or the sequential extraction scheme [21] are used.
The concentrations of As, Cd, and Zn determined in soil extracts by both mineral and organic acids covered in most cases the element portion representing more than one soil element fraction determined using SM&T sequential extraction procedure. The more detailed resolution of the easily soluble element fractions [3, 8, 22] can lead to better understanding of the dynamics of changes in element distribution in individual soil fractions as well as the plant-availability of the elements.
